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Introduction (Pages 5 - 26)

The life expectancy of those who live in industrialized nations has risen dramatically over the
past century, in some cases doubling (1). Some of the foremost causes for this change in longevity are
the advances of modern medicine, specifically large-scale efforts to eradicate diseases. Medical
advances over the past century have shifted the leading causes of death in the United States away from
infectious diseases, such as pneumonia and tuberculosis, toward age-related diseases, such as heart
disease and cancers (1, 2).
One of the greatest triumphs of medicine is the development of antibiotics. Therapeutic
antibiotics are not just a modern phenomenon; there exist many instances suggesting historical use of
antimicrobials from natural sources to treat disease. Traces of tetracyclines have been found in 1500
year old Sudanese Nubian bones (3). Anecdotes exist about the historical use of Jordanian soil to
prevent infections, which has been recently found to contain antibiotic-producing bacteria effective
against Staphylococcus aureus (4). However, the most commonly known event in the development of
antibiotics was the discovery of penicillin in 1928 (5) and its subsequent introduction for widespread
clinical use in the 1940's (6, 7). The original source of penicillin, a strain of Penicillium mold,
underscores the importance of natural products to the development of antibiotics.
Since the initial rapid discovery and introduction of antibiotics ended in the 1960's, most new
antibiotics have been produced through the modification of existing classes (6-8). The reliance on
structural modifications is likely caused by the comparatively inexpensive process of developing an
analogue of an existing molecule, as opposed to discovering a new class (9, 10). Despite the
development of new antibiotics based on existing classes, there has been a decline in the introduction
of antibiotics since the 1960's. Since that time, only three new classes of antibiotics have become
available for clinical use: the oxazolidinones, lipopeptides, and the mutilins (7-9), all in the 2000's.
5

Between 2008 and 2013, the FDA approved only two antibiotic drugs, and in 2013, there were only
seven antibiotics in phases two or three clinical trials (11).
However, a number of other economic factors have also caused the slump of the development of
new antibiotics. Firstly, antibiotics are designed to cure an illness, rather than treat it. This limits their
market potential in comparison with drugs that treat chronic conditions (7, 10), such as diabetes, high
cholesterol, or mental disorders. Additionally, by making improvements on a drug that is already
known to be suitable for use in humans, the risks of wasting financial resources on a drug that is denied
regulatory approval due to toxic side effects is greatly reduced. Furthermore, regulatory hurdles cripple
antibiotic development, especially novel compounds targeting antibiotic resistant bacterial strains ( 9,
10). Current regulatory policies mandate that new antibiotics must be more effective against antibioticsusceptible bacterial strains than existing drugs. These policies ignore the importance of effectiveness
against antibiotic resistant bacterial strains. They tend to injure the chances of antibiotics being
approved if they are effective against drug-resistant strains, but only equal to current drugs in efficacy
against more susceptible strains (9). Because of these economic factors, the number of major drug
companies with programs devoted to antibiotic discovery has dropped over the past decades, as has the
number of new antibiotics approved per year (7, 9). This may have a severely detrimental effect on the
possibility of developing antibiotics in the long-term future, as resources are redirected by
pharmaceutical companies towards other drug targets (9, 10, 11) and experience in the field is lost as
the incentive to train new microbiologists decreases.
In addition to the economic factors slowing the development of new antibiotics, in some cases
the availability of new bacterial metabolic targets to exploit may be dwindling (12), while the
development of resistance to antibiotics does not slow (13). Indeed, the overuse of antibiotics,
especially their heavy use in agriculture, greatly speeds the development and spread of antibiotic
resistance (7, 9, 10). When antibiotics are used to kill off a population of bacteria, the small number
6

that are resistant to the drug may survive, reproduce, and pass on antibiotic resistance genes to their
progeny. The selective pressure favoring antibiotic-resistant bacteria is only exacerbated with heavy
antibiotic use, which can kill off all antibiotic-susceptible bacteria in a population, decreasing
competition for antibiotic-resistant bacteria.
Due to the decreasing development of new antibiotics and increasing resistance to them,
pathogenic bacteria remain a serious threat. Despite the apparent sophistication of current medicine,
infectious diseases are still a major cause of death in the developed world (7). Infections acquired in
hospitals, a breeding ground of antibiotic resistance, are responsible for the death of over 60,000
Americans per year (6). Clearly, the ability to develop novel antibiotics easily and efficiently is
essential for society to continue to enjoy the benefits of modern medicine.
Traditionally, new antibiotics for clinical use have been generated through synthetic
modification of either natural antibiotics or antibiotics already in use (8). However, other means are
available to rationally alter current antibiotics, as well as generate completely novel antibiotics. One
promising strategy is combinatorial biosynthesis, in which natural product biosynthetic pathways are
altered in order to cause them to produce a different molecule. Genes within biosynthetic pathways can
be inserted, deleted, or rearranged, changing the enzymes that create the natural product of interest.
This causes the natural product of the biosynthetic pathway to be altered, in the same way that
changing the tools and parts used on a factory assembly line would allow the creation of an alternate
product.
Combinatorial biosynthesis has the potential to allow the creation of natural product derivatives
in vivo that display the attributes required of a pharmaceutical: good absorption, availability, and halflife, while at the same time, retaining the properties of their parent compound. While medicinal
chemistry also allows the production of natural product derivatives, the fact that combinatorial
biosynthesis can allow natural product derivative production, without additional synthetic steps, may
7

make it far more cost effective for pharmaceutical companies to develop new drugs. Additionally,
production of drugs, novel or existing, through bacterial culture is inherently "green chemistry", which
is often more economical, as well as more environmentally sound, than traditional syntheses.
Combinatorial biosynthesis is particularly promising for creating and altering natural products of the
polyketide (PK) and nonribosomal peptide (NRP) classes.
Polyketides and nonribosomal peptides are both classes of natural products produced via
assembly-line-like processes. In nature, polyketides are synthesized by polyketide synthase (PKS)
enzymes via the repeated joining of acetyl-CoA, malonyl-CoA, or methylmalonyl-CoA units in a
process that is conceptually similar to the biosynthesis of fatty acids (14, 15). Nonribosomal peptides
are produced by nonribosomal peptide synthetase (NRPS) enzymes via a broadly similar route, in
which successive enzymes catalyze the formation of a natural product from amino acids through a stepwise, assembly-line-like process (Figure 1) (14, 15, 16).
In both of these cases, the individual enzymes in the biosynthetic pathway exist as discrete
domains linked in series to give enzyme modules, which are the polypeptides actually synthesized by
the organism possessing the genes for the pathway (14). Each module catalyzes the addition of one
amino acid or acyl-CoA unit to the growing natural product, and may catalyze additional structural
changes to the molecule, such as oxidations, reductions, and even halogenations (16). Finally, the
microbial genes for NRPS or PKS modules are clustered together in the genome of the organism
performing biosynthesis as an operon. The order of genes for an NRPS or PKS biosynthetic pathway
follows the order of biosynthetic steps performed by the NRPS or PKS modules they encode. It is also
important to note that a module may be encoded by more than one gene, and a gene may code for more
than one module.
Additionally, many examples exist of natural products produced through a hybrid NRPS-PKS
biosynthetic pathway. In a hybrid NRPS-PKS pathway, linked PKS and NRPS modules construct a
8

molecule in a step-wise fashion, with each domain in the pathway catalyzing a change to the growing
molecule, ranging from the incorporation of amino acids or acyl, malonyl, or methylmalonyl-CoA units
into the natural product, to modification of the existing structure. Numerous medically relevant natural
products are produced via a PKS, NRPS, or hybrid NRPS-PKS route, such as the antitumor agent
epothilone, the immunosuppressant rapamycin, the antibiotics erythromycin and vancomycin, and the
antibiotics of the penicillin, cephalosporin, and tetracycline classes (7, 15-19) (Figure 2).
Because of their inherently modular "assembly-line" method of biosynthesis, PKS, NRPS, and
hybrid NRPS-PKS natural products are particularly suited to modification through combinatorial
biosynthesis. Combinatorial biosynthesis allows changes to be made to natural products through the
insertion, deletion, replacement, or rearrangement of enzyme domains within PKS, NRPS, or hybrid
NRPS-PKS pathways (15, 17, 20). Additionally, modified natural products can be generated through
the "feeding" of non-native substrates into NRPS or NRPS-PKS pathways, in a technique known as
chemo-biosynthesis (21). Finally, tailoring enzymes, which in nature perform specific modifications on
the products of biosynthetic pathways to yield complete natural products, can be utilized for
combinatorial biosynthetic applications (22).

9

Figure 1. The NRPS pathway that produces the antibiotic bacitracin A. This pathway contains three
NRPSs: BacA, BacB, and BacC. Within each NRPS are modules that contain enzymatic domains that
catalyze specific reactions in the growing antibiotic (19).
10

Figure 2. A number of clinically relevant NRPS, PKS, or hybrid NRPS-PKS natural products.
Epothilone is an antitumor agent, rapamycin is an immunosuppressant, and vancomycin and
erythromycin are antibiotics.

Numerous examples exist of the successful use of combinatorial biosynthesis to generate novel
natural product derivatives (Figure 3). The replacement of modules in the daptomycin NRPS
biosynthetic pathway resulted in the production of novel derivatives of the antibiotic, though the
derivatives had reduced antibiotic activity in vivo compared to the native daptomycin product (23).
Over 60 structural analogues of 6-deoxyerythronolide B, the macrolide ring core of the antibiotic
11

erythromycin, were generated through the replacement of some of its PKS biosynthetic modules with
modules originally involved in the synthesis of the immunosuppressant rapamycin (24). Deletion of
various modules in the collismycin A NRPS-PKS biosynthetic pathway yielded multiple structural
derivatives, some of which showed neuroprotective properties in zebrafish (25). Replacement of a
glycosyltransferase tailoring enzyme in the PKS biosynthetic pathway for the antibiotic YC-17 yielded
novel glycosylated analogues, one of which showed increased activity against pathogenic bacteria
compared to native YC-17 (26). Interestingly, combinatorial biosynthesis has even allowed a novel
hybrid fungal-bacterial polyketide to be produced, through the combination of a fungal PKS pathway
and bacterial tailoring enzymes (27). Finally, it is common for entire PKS, NRPS, or NRPS-PKS
hybrid pathways to be expressed heterologously in bacteria, specifically E. coli, in order to facilitate
high throughput production of the metabolite of interest (21, 23, 26, 27).
However, in spite of the initial successes of combinatorial biosynthesis, it does have limitations.
First and foremost is the fact that domains or modules that are expected to be active towards non-native
substrates must display lower specificity. Additionally, the cloning of multiple large genes into a single
bacterial strain is time consuming and expensive (28). Fortunately, these limitations are surmountable.
It has been found that many enzymes involved in PKS, NRPS, and NRPS-PKS pathways display
surprisingly low substrate specificity (15, 17). Furthermore, it is likely that future advances in
molecular biology, particularly in cloning, will facilitate more rapid and cost effective metabolic
engineering.
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Figure 3. Two natural products and their derivatives, generated through combinatorial biosynthesis. The
antibiotic daptomycin and its derivative A21978C-(Asn 13), and the antibiotic YC-17 and its structural
analogue with increased antibacterial activity are shown. Altered structures in the analogues are
indicated in red.
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Engineering of NRPS and hybrid NRPS-PKS biosynthetic pathways through combinatorial
biosynthesis has the potential to greatly expand the options available for the development of new
antibiotic derivatives, as well as accelerate the development of many other drug types. Because NRPS
and hybrid NRPS-PKS natural products are common, improved understanding of NRPS and hybrid
NRPS-PKS biosynthetic pathways will aid in developing drugs to treat many conditions, including
cancers and infections.
One important antibiotic produced by a hybrid NRPS-PKS biosynthetic pathway is
virginiamycin (29, 30, 31). This antibiotic is produced by the bacterium Streptomyces virginiae, and is
composed of the streptogramin type B antibiotic virginiamycin S 1 (produced via an NRPS route) and
the streptogramin type A antibiotic virginiamycin M 1 (produced via a hybrid NRPS-PKS route) (Figure
4). Virginiamycin, like many streptogramin class antibiotics, is effective against Gram-positive bacteria
and has unique properties enhancing its efficacy. It functions by inhibiting protein synthesis through the
binding of its two component molecules to the bacterial peptidyltransferase loop of the 50S ribosomal
subunit (29, 32). Specifically, virginiamycin M 1 binds to both the A and P site of the ribosome (33),
while virginiamycin S1 binds nearby in the exit tunnel of the ribosome (34) (Figure 5). The binding of
either component of virginiamycin individually is bacteriostatic, and together, virginiamycin M 1 and S1
are bactericidal (35). Virginiamycin has long been used as a growth-promoting agent added to livestock
feed, but derivatives of it have been used therapeutically in humans, specifically to combat
vancomycin-resistant Enterococcus faecium and methicillin-resistant Staphylococcus aureus infections
(29, 31, 32).
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Figure 4. The two molecules composing the streptogramin class antibiotic virginiamycin, produced by
Streptomyces virginiae. Virginiamycin S1 is a type B streptogramin, while virginiamycin M 1 is a type A
streptogramin. Virginiamycin S 1 is produced by an NRPS biosynthetic pathway, while M1 is produced
via a hybrid NRPS-PKS biosynthetic route. The oxazole moiety of virginiamycin M 1 is indicated in
red.
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A

B

Figure 5. Crystal structures of virginiamycin M 1 and S1 bound to the bacterial ribosome. (A) In this
structure, only virginiamycin M1 is visible. It is located near the ribosomal nucleotides A2103 and
A2486. Note the proximity of virginiamycin M 1's oxazole ring (indicated with a red arrow) to A2486,
and the change in position of A2103 (indicated with a black arrow) caused by virginiamycin M 1
binding (PDB ID: 1N8R, 33). (B) In this structure, both virginiamycin S1 and M1 are visible. A2103 is
shown interacting with both virginiamycins, and its conformational change is indicated by the blue
arrow. Again, virginiamycin M1 's oxazole ring (indicated with a red arrow) is located very near to
A2486 (PDB ID: 1YIT, 34).
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One particularly important structural element of virginiamycin M 1 is the molecule's oxazole
ring. Oxazoles (Figure 6) are aromatic heterocycles present in many bioactive molecules, including the
chivosazoles, a class of molecules that have shown antifungal effects in initial assays, and the
antitumor agents telomestatin and neopeltolide (36). Additionally, the related thiazole heterocycle is
also found in many important natural products, such as the antitumor agent epothilone, the dual
antibiotic/antitumor agent bleomycin (37), and the antifungal agent camalexin (Figure 7) (36).
Oxazoles and thiazoles are responsible for the effectiveness of a number of natural products. In
bleomycin, the bithiazole moiety targets the molecule to DNA and unwinds a strand through
intercalation. This permits an Fe 2+ cofactor of bleomycin, along with molecular oxygen, to catalyze the
degradation of the DNA through oxidation of the DNA's deoxyribose sugars (37, 38, 39).

Figure 6. The aromatic heterocycles oxazole and thiazole, along with the related aliphatic heterocycles
oxazoline and thiazoline.
In virginiamycin M1, the oxazole moiety binds to the bacterial ribosome's active site
hydrophobic crevice (Figure 5). This causes the ribosomal nucleotide A2486, which is involved in
formation of peptide bonds, to undergo a conformational change and release a bound potassium ion
necessary for peptidyltransferase activity (33). Additionally, the binding of virginiamycin M 1 and S1
both cause conformational changes in the nucleotide A2103 (33, 34). Virginiamycin M1's oxazole
moiety is a good example of the biological relevance of oxazoles and thiazoles. Their stability,
aromaticity, and planar structure allow interaction with many biological molecules, from nucleic acids
to proteins.
17

Figure 7. A number of natural products containing oxazole or thiazole moieties. Oxazole-containing
molecules include chivosazole and telomestatin. Bleomycin and camalexin contain thiazoles.
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The virginiamycin M1 molecule is produced in S. virginiae via a hybrid NRPS-PKS biosynthetic
pathway. An initial stepwise model for the formation of the molecule, based on the sequencing of the
biosynthetic gene cluster, has been proposed (Figure 8, 29). However, the proposed model is
incomplete. Specifically, the insertion of a proline into the molecule is not described in detail.
Additionally, the model also does not describe the formation of the oxazole moiety in virginiamycin
M1. Because the oxazole present in virginiamycin M 1 plays such an important role in the function of the
molecule, the study of its formation is a useful line of research.

Figure 8. The proposed biosynthetic route for the production of virginiamycin M 1 in Streptomyces
virginiae (29).
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While the biosynthesis of the oxazole ring in virginiamycin M 1 has not been studied, there are
descriptions in the literature of the biosynthesis of similar thiazole rings in multiple natural products,
including epothilone and bleomycin (40). In the epothilone biosynthetic pathway, thiazoles are known
to be derived through the oxidation of an aliphatic thiazoline precursor (40). This precursor is derived
through the cyclization of a cysteine in the growing natural product. Similarly, it is known that in the
NRPS natural product vibriobactin, methyl-substituted oxazoline moieties are formed through the
cyclization of threonine (41).
It is likely that, in the case of virginiamycin M 1, an oxazoline precursor is derived from the
cyclization and dehydration of serine, similar to the formation of methyl-substituted oxazolines in
virbriobactin biosynthesis. This oxazoline is then oxidized to yield the final oxazole product, through
the removal of a proton at the 4-position of the oxazoline ring and a hydride from the 5-position (Figure
9). This proposed mechanism is similar to the proposed mechanism for the formation of thiazole from
thiazoline in epothilone biosynthesis.
The goal of the research presented here was to study the enzyme which catalyzes the oxidation
of an oxazoline precursor to yield the oxazole moiety in virginiamycin M 1. It is believed that, prior to
my research, no other oxazole-forming NRPS oxidases have been studied. The study of this oxidase
therefore gives valuable and unique insight into the biosynthesis of oxazoles in NRPS natural products.
Based on comparison of the growing virginiamycin M1 structures illustrated in modules 7 and 8
of the proposed biosynthetic route for the production of virginiamycin M 1 (Figure 8), it is likely that the
oxazoline ring is introduced by an enzymatic domain located somewhere within module 8. This module
is spread across the genes virG and virH. Sequence homology analysis was used to identify a gene
within virH coding for the possible oxidase, through comparison with genes for suspected and known
oxidases. This gene was termed virH-Ox, and the oxazoline oxidase it encodes was termed VirH-Ox.
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Figure 9. Proposed mechanism for the formation of oxazole in virginiamycin M 1. An oxazoline ring is
first formed through the cyclization and dehydration of a serine in the growing natural product. This
oxazoline is then oxidized to yield an oxazole, through the transfer of a proton at the oxazoline's 4position to an active site base in the enzyme domain catalyzing the oxidation (VirH-Ox), along with the
transfer of a hydride at the 5-position to a flavin cofactor of the enzyme.
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Studying the hybrid NRPS-PKS virginiamycin M1 biosynthetic pathway has practical
significance, because the enzymatic domains present in it could be used for the production of other
drugs containing oxazoles or thiazoles through combinatorial biosynthesis. As previously described,
oxazoles and thiazoles are biologically relevant structures that can aid in biomolecular recognition. The
ability to easily introduce these structures into modified natural products, or even completely novel
hybrid biosynthetic compounds, could promote the development of drugs for the treatment of
conditions ranging from bacterial infection to cancer.
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Research Overview

This thesis describes my work to characterize the novel enzyme VirH-Ox. Specifically, the
enzyme's primary sequence was compared with other homologous oxidases, and virH-Ox was cloned,
overexpressed in E. coli, and purified. The enzyme's catalytic activity was studied using both coupled,
spectrophotometrically monitored assays and directly-monitored HPLC assays. The activity of the
enzyme towards multiple substrates, including a deuterated substrate, was studied, along with its
behavior at different substrate concentrations. Additionally, the activity of VirH-Ox over a range of pHs
was studied. Finally, a putative structure of the enzyme was generated by computer modeling.
The enzyme's primary sequence was used to find homologous proteins using the protein basic
local alignment search tool (BLAST) database provided by the National Center for Biotechnology
Information (NCBI). The sequences of five homologous proteins, four of which are proposed NRPS
oxidases and one of which is a known NRPS oxidase, were compared to that of VirH-Ox. The proteins
showed high homology, and a number of conserved residues were present.
In order to generate VirH-Ox, genomic DNA from S. virginiae was amplified via PCR and
cloned into a plasmid vector that added a C-terminal His 6 tag. VirH-Ox was expressed in E. coli culture
and purified from cell lysates by nickel-nitrilotriacetic acid (Ni-NTA) affinity chromatography,
followed by chitin affinity chromatography, dialysis, and concentration. Two model substrates were
chosen for enzyme activity assays (Figure 10): phenyloxazolinyl-S-NAc and phenylthiazolinyl-S-NAc,
both of which have been shown to be functional mimics of natural NRPS/PKS oxidase substrates (40).
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Figure 10. The synthetic substrates used for enzyme activity assays of VirH-Ox, phenylthiazolinyl-SNAc and phenyloxazolinyl-S-NAc. Their thiazoline ring and oxazoline rings, respectively, have been
highlighted. The deuterated phenylthiazolinyl-S-NAc substrate, also shown, was used for kinetic
isotope effect studies. A hydrogen atom was substituted with a deuterium atom at the 4-position on its
thiazoline ring.

Phenyloxazolinyl-S-NAc contains an oxazoline ring, similar to the putative natural substrate of
VirH-Ox (Figure 11). This model substrate served to mimic the natural substrate, with a phenyl ring at
the 2 position of the oxazoline replacing the already-synthesized portion of virginiamycin M1 present in
the natural substrate, and an N-acetylcysteamine group at the 4-position mimicking the
phosphopantetheine group connecting the partially-formed virginiamycin M1 molecule to a peptidyl
carrier protein (PCP). In contrast, phenylthiazolinyl-S-NAc was used as a mimic of a non-native,
thiazoline-containing substrate, in order to study the substrate specificity of the enzyme. Additionally,
deuterated phenylthiazolinyl-S-NAc, with a deuterium substituted onto the thiazoline ring at the 4position, was used in enzyme activity assays to observe whether a kinetic isotope effect was displayed,
in order to probe the enzyme's reaction mechanism.
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Figure 11. The putative natural substrate of VirH-Ox. Note, in blue, the attached peptidyl carrier protein
(PCP) and its phosphopantetheine group that is mimicked by N-acetylcysteamine in the model
substrates, shown in Figure 10. Also note, in black, the growing virginiamycin M1 molecule. The
location of the double bond inserted by VirH-Ox is noted in red.

These model substrates were used in enzyme activity assays, monitored indirectly by
spectrophotometry, as well as directly via high-pressure liquid chromatography (HPLC). Activity
assays have confirmed the activity of VirH-Ox towards both thiazoline-containing and oxazolinecontaining model substrates. However, VirH-Ox appears to be much more active toward
phenylthiazolinyl-S-NAc than phenyloxazolinyl-S-NAc. Our reactions have also shown that VirH-Ox
displays a kinetic isotope effect when catalyzing the oxidation of the deuterated substrate. The presence
of this effect suggests that the removal of this proton is involved in the oxidation catalyzed by VirH-Ox
and could be the rate limiting step of the reaction.
A putative structure of the enzyme was generated through computer modeling using the Phyre2
protein fold recognition server (42), based on its amino acid sequence. Additionally, the likely locations
of the enzyme's flavin-binding residues were determined using the 3DLigandSite ligand binding site
prediction server (43). The combination of a putative structure of VirH-Ox, along with information
about the conservation of its residues in homologous proteins allowed the identification of a number of
residues that were possible candidates for the putative active site base of the enzyme.
The structure of VirH-Ox was further elucidated through preliminary identification of the
25

enzyme's flavin cofactor, which was originally predicted due to the enzyme's sequence homology to
other known oxidase flavoproteins. The presence of the flavin cofactor of VirH-Ox was confirmed by
UV-Vis spectrophotometry and the flavin was then studied via mass spectroscopy. Preliminary data
suggests that the flavin cofactor is flavin mononucleotide (FMN).
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Materials and Methods (Pages 27 - 40)

VirH-Ox Sequence Homology Analysis

In order to confirm that the putative oxidase sequence within virH was likely to indeed code for
an NRPS oxidase, a sequence homology search was performed using the standard protein-protein basic
local alignment search tool (BLASTP) provided by the National Center for Biotechnology Information
(NCBI). BLASTP was used to search the non-redundant protein sequence (nr) database, using the
default settings for the program.
Using BLASTP, a 266 amino acid sequence within virH (accession number BAF50720),
designated virH-Ox, was aligned with five other confirmed or proposed oxidase domains, which
BLASTP had indicated possessed primary sequences homologous to VirH-Ox. The oxidase domains
aligned were involved in the formation of the oxazole-containing natural products chivosazol and
pristinamycin, as well as the thiazole-containing natural products epothilone, cystothiazole A, and
melithiazol.

Cloning of VirH-Ox

The virH-Ox gene (Figure 12) was cloned into pET24b plasmid vector (Novagen), giving the
6036 bp plasmid pvirHOx. A methionine start codon and a C-terminal His 6 tag were added by the
construct to VirH-Ox (Figure 13). First, doubly-digested linear pET24b vector was prepared by
digesting circular pET24b vector with NdeI and NotI-HF restriction enzymes (New England Biolabs).
This digest reaction mixture was run on an agarose gel, and linearized pET24b was excised and
purified using the QIAquick Gel Extraction Kit (Qiagen).
27

tccgctgcccgcaccgacatccggatcgccctcgacccgcaggccaaggccgcgttcaaggaggccagg
gtcgccgagcgccggttgcccgggtcgctggcccggctgccgttcccggatcccaccccgcaggaccgg
cgggcgttctacgacgcctcgtccttccgcgagttcgccgacgggccactgcccggcgaccggctcacc
gagctgctgggcaccctggcccgcggcgagctcgacggccgggccaagcaccgctacccgtccgcaggc
ggtttctacccggtgcaggtctacctgtacgtcaggccgggggccgtggagggcgtcgacggcggcctc
tactacctgcacccgggcgagcgcgccctggtggcgatcgacccgcaggcccgcttcggcaccgacgtc
cacgtcttccacaaccgcgccctggtggacgcctccgccttcggcgtcttcctggtgtccaccccggcg
gccatcgcgccggcgtacggcgagcgcaacgccggccggttctcgatgatcgaggcggggcacgtcgcc
cagctgctgctgaccgccgggcccgagcgcggcctcggcatgtgcgcagtgggggagatggacttcggc
gcggtgcgcgggcacttcggcctccaggacgaccaggaactgctggtctcgctgtggggcggtgccctg
tccgggccggcggtgctccgccgggccgagctggtcgccgccgagcgccctcaggagagcgcgccggtg
ccgtccggcccgcgcccggtggccgtggtcggcttcgcg
Figure 12. The 798 base virH-Ox gene that was amplified from S. virginiae genomic DNA and cloned
into pET24b plasmid vector.

MSAARTDIRIALDPQAKAAFKEARVAERRLPGSLARLPFPDPTPQDRRAFYDASSFREFA
DGPLPGDRLTELLGTLARGELDGRAKHRYPSAGGFYPVQVYLYVRPGAVEGVDGGLYYLH
PGERALVAIDPQARFGTDVHVFHNRALVDASAFGVFLVSTPAAIAPAYGERNAGRFSMIE
AGHVAQLLLTAGPERGLGMCAVGEMDFGAVRGHFGLQDDQELLVSLWGGALSGPAVLRRA
ELVAAERPQESAPVPSGPRPVAVVGFAAAALEHHHHHH

60
120
180
240
278

Figure 13. The 278 residue protein coded for by pvirHOx. The underlined amino acids are additional
residues added by the pET24b vector, including a methionine start codon and a C-terminal His 6 tag.
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A stock of an insert containing the virH-Ox gene was generated via amplification of a 798 bp
sequence of Streptomyces virginiae genomic DNA. The sequence was amplified via PCR using OneTaq
Hot Start polymerase (New England Biolabs) with high GC content buffer and high GC content
enhancer solutions. The following primers were used: 5'-GGA CCA GCA CAT ATG TCC GCT GCC
C-3' (bold signifies overhang, underlined signifies an added NdeI restriction site) and 5'-CTC GAG
TGC GGC CGC CGC GAA GCC GAC CAC-3' (bold signifies overhang, underlined signifies an
added NotI restriction site). The amplified insert was gel purified using the QIAquick Gel Extraction
Kit (Qiagen), then doubly-digested with NdeI and NotI restriction enzymes (New England Biolabs) and
purified using a QIAquick PCR Purification Kit (Qiagen). The insert was ligated into the doublydigested pET24b vector using T4 DNA ligase (New England Biolabs), yielding pvirHOx.
The ligation reaction mixture was used to transform XL10-Gold Ultracompetent E. coli
(Agilent), via heat shock. A 450 μL aliquot of the transformation mixture was plated on an LB agar
plate containing kanamycin (30 μg/mL) and incubated at 37 °C overnight, yielding 20 colonies. In
order to confirm that the transformation and ligation were successful, colonies were picked and grown
overnight in 3 mL LB media containing kanamycin (30 μg/mL), at 37 °C, with shaking at 250 rpm.
Plasmid DNA from the cultures was purified using the QIAprep Spin Miniprep Kit (Qiagen), and was
again doubly-digested using NdeI and NotI restriction enzymes (New England Biolabs). The digest
reactions were run on an agarose gel and visualized. Bands corresponding to linearized pET24b vector
and the insert were observed, confirming successful ligation and transformation. Additionally, the
identity of pvirHOx was confirmed by sequencing the virH-Ox insert forward and backward, from both
its T7 promotor and T7 terminator. Sequencing was performed by the DNA Analysis Facility on
Science Hill at Yale University.
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Transformation of Competent Cells for Protein Expression

Two strains of competent E. coli were transformed with pvirHOx. Originally, the strain used
was One Shot BL21(DE3) competent E. coli (Invitrogen). Later, NiCo21(DE3) competent E. coli (New
England Biolabs) were used in order to optimize purification. In order to transform BL21(DE3) cells, a
50 μL aliquot of the competent cells was transformed with a 2 μL aliquot of purified pvirHOx plasmid,
via heat shock. A 50 μL aliquot of the transformation mixture was plated on an LB agar plate
containing kanamycin (30 μg/mL) and incubated at 37 °C overnight, yielding colonies.
To transform NiCo21(DE3) competent E. coli, 50 μL aliquots of cells were transformed via heat
shock with 2 μL aliquots of purified pvirHOx. Aliquots of the transformation mixtures (between 50 μL
and 100 μL) were plated on LB agar plates containing kanamycin (30 μg/mL) and incubated overnight
at 37 °C, yielding many colonies.

Expression of VirH-Ox

In order to express virH-Ox, 10 mL LB medium starter cultures were prepared, containing
kanamycin (30 μg/mL) and either a picked transformant colony or a sample of glycerol culture stock
from a previous culture. Starter cultures were then grown overnight at 37 °C, with shaking at 250 rpm,
and added to 1 L aliquots of LB medium with kanamycin (30 μg/mL). The resulting 1 L cultures were
grown at 37 °C, with shaking at 250 rpm, until they reached an OD 600 of 0.6 to 0.8. Expression of
pvirHOx was induced at this point by addition of 100 mM IPTG to give a final IPTG concentration of
100 μM. The cultures were then grown for 4 hours at 25 °C, with shaking at 250 rpm. Cells were
harvested via centrifugation for 15 minutes at 5000 rpm. The cell pellets' masses (approximately 2 g to
3 g per liter, with no significant differences in growth between BL21(DE3) and NiCo21(DE3)) were
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found and the pellets were stored at -80 °C.

Purification of VirH-Ox via Ni-NTA Affinity Chromatography

VirH-Ox was purified from pelleted cultures of BL21(DE3) transformants using Ni-NTA
affinity chromatography, facilitated by the C-terminal His6 tag added by pET24b. The pellets were
resuspended in cold lysis buffer (25 mM Tris HCl, pH 8.0, 200 mM NaCl, 10% (v/v) glycerol). The
volume of lysis buffer used was based on pellet mass (approximately 3 mL/g). The cells were lysed via
sonication on ice using 4 x 15 seconds pulses, then pelleted by centrifugation (15000 rpm x 30
minutes). The resulting supernatant was incubated at 4 °C for 2 hours while rotating with 1 mL of NiNTA resin (Qiagen) per 25 mL of lysate, equilibrated in an equal volume of lysis buffer.
Upon completion of incubation, the mixture was added to a column and unbound liquid was
allowed to drain, forming a bed of Ni-NTA resin. The resulting resin bed was washed with 20 bed
volumes of 5 mM imidazole in lysis buffer. Bound protein was eluted using solutions of 30 mM, 60
mM, 100 mM, 250 mM, and 500 mM imidazole in lysis buffer, with 3 bed volumes of each used.
Finally, a swab of the original insoluble cellular debris was resuspended in 150 μL of cold lysis buffer
and then diluted again, 1/15 by volume, in lysis buffer.
The collected fractions were then analyzed via SDS-PAGE. Samples of each eluted fraction and
the pellet dilutions were combined with equal volumes of SDS sample buffer (10 μL each). The SDSPAGE samples were heated at 90 °C for 2 minutes, then loaded onto a precast 4-20% polyacrylamide
gel (Bio-Rad), along with 10 μL of 3.5-260 kDa Novex Sharp Protein Standard (Invitrogen). The gel
was run to completion at 200 V and stained with Simplyblue Safestain (Invitrogen) to visualize.
Fractions found to contain the greatest amount of VirH-Ox and the minimum amount of impurities, as
judged by SDS-PAGE analysis, were pooled and dialyzed into lysis buffer (2 x 1 L) at 4 °C, all day
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then overnight. Dialyzed samples containing VirH-Ox were stored at -80 °C.
The concentration of VirH-Ox in each dialyzed sample was determined via UV-Vis absorbance
spectrophotometry. Fractions of the dialyzed samples were heated at 90 °C for 2 minutes then
centrifuged (13000 rpm x 2 minutes) to denature VirH-Ox and release the bound flavin cofactor. The
resulting supernatants were scanned between 200 nm and 800 nm using an Agilent Cary 50 UV-Vis
spectrophotometer. Absorbance peaks due to the flavin cofactor, which was assumed to be FMN based
on initial analysis by mass spectroscopy (not shown), were expected to be found near 280 nm, 350 nm,
and 450 nm (44). The absorbance at 450 nm of each sample was then used, along with the known
extinction coefficient of FMN (12200 cm -1M-1, 45) to calculate the flavin concentration, via Beer's Law.
The flavin concentration was used as a proxy for the concentration of active enzyme, due to the
requirement of flavin cofactor for enzyme activity. It was assumed that there was a one to one
stoichiometry of enzyme to flavin cofactor.

Purification of VirH-Ox via Combined Ni-NTA and Chitin Affinity Chromatography

VirH-Ox was purified from pelleted cultures of NiCo21(DE3) transformants using Ni-NTA
affinity chromatography, followed by chitin affinity chromatography. The pellets were resuspended in 1
mL of cold chitin buffer (25 mM Tris HCl, pH 8.0, 200 mM NaCl) per 100 mL of culture volume. The
cells were lysed via sonication on ice using 4 x 15 second pulses, then pelleted by centrifuging (14500
rpm x 30 minutes). The resulting supernatant was incubated at 4 °C for 2 hours while rotating with
1 mL of Ni-NTA resin (Qiagen) per 30 mL of lysate, equilibrated in an equal volume of chitin buffer.
Upon completion of resin incubation, the mixture was poured into a column and the unbound
liquid was allowed to drain through. The resulting Ni-NTA resin bed was then washed with 20 bed
volumes of 5 mM imidazole in chitin buffer. Bound protein was eluted from the resin bed using
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solutions of 30 mM, 250 mM, and 500 mM imidazole in chitin buffer, with 3 bed volumes of each
used. Next, all collected fractions were analyzed via SDS-PAGE. Samples of each eluted fraction were
combined with equal volumes of SDS sample buffer (10 μL each). The SDS-PAGE samples, as well as
samples of New England Biolabs Protein Ladder (10-250 kDa), were heated at 95 °C for 3 minutes,
then loaded onto an Any kD Mini-Protean polyacrylamide gel (Bio-Rad). The gel was run to
completion at 200 V and stained with Simplyblue Safestain (Invitrogen) to visualize. The 250 mM
imidazole fractions were found to contain the most VirH-Ox and the least impurities, as judged by
SDS-PAGE analysis, and so were chosen for further purification using chitin affinity chromatography.
In order to perform a chitin affinity chromatography purification, a chitin slurry was required,
totaling twice the volume of the retained Ni-NTA affinity chromatography purified fractions. This
volume of resuspended chitin bead slurry (New England Biolabs), in 20% ethanol, was added gently to
a column and drained. The resulting chitin resin bed (with a volume approximately equal to the
retained Ni-NTA affinity chromatography purified fractions) was washed with 8 bed volumes of chitin
buffer. The Ni-NTA affinity chromatography purified fractions chosen for chitin purification were
pooled and added to the chitin column. The column was rotated at 4 °C for 70 minutes and allowed to
drain. The flow-through was collected and the chitin resin bed was then washed with 3 bed volumes of
chitin buffer, which were also collected.
The chitin-purified fractions were analyzed via SDS-PAGE. Samples of all collected fractions
(10 μL each) were combined with equal volumes of SDS sample buffer, heated at 95 °C for 3 minutes,
then loaded onto an Any kD Mini-Protean polyacrylamide gel (Bio-Rad). The gel was run to
completion at 200 V and stained with Simplyblue Safestain (Invitrogen) to visualize. Fractions judged
to contain the most VirH-Ox were pooled and dialyzed into lysis buffer (2 x 1 L) at 4 °C, all day then
overnight. The concentration of VirH-Ox in dialyzed samples was determined via UV-Vis absorbance
spectrophotometry. Samples of the dialyzed protein were scanned between 200 nm and 800 nm using
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an Agilent Cary 50 UV-Vis spectrophotometer. The absorbance at 450 nm of each sample was then
used to calculate the approximate flavin concentration. A sample of dialyzed protein was chosen for
additional concentration, based on its purity and original concentration. In order to concentrate it
further, the sample was added to a 3K centrifugal filter unit (Amicon) and spun at 4 °C at 5500 rpm for
120 min. This caused its volume to be reduced by approximately half. The resulting concentration of
VirH-Ox was again determined via UV-Vis absorbance spectrophotometry and purified protein was
stored at -80 °C.

XTT Coupled Colorimetric Assays

Colorimetric coupled assays were performed using the tetrazolium dye 3′-(1-{[phenylamino]carbonyl}-3,4-tetrazolium)-bis(4-methoxy-6-nitro) benzenesulfonic acid hydrate (XTT) (Molecular
Probes), which is reduced by superoxide to form a colored product with an absorbance maximum at
470 nm (46). Because superoxide is a putative byproduct of the oxidation reactions catalyzed by VirHOx, the reduction of XTT was believed to allow the oxidation of model substrates by VirH-Ox to be
monitored. The use of XTT to monitor reactions that generate superoxide as a product has literature
precedent (46, 47).
In order to prepare XTT colorimetric reactions, XTT in DMSO was combined with distilled,
deionized water, phenylthiazolinyl-S-NAc in THF, and chitin-purified VirH-Ox in lysis buffer to give
final concentrations of 480 μM XTT, between 93.75 μM and 750 μM phenylthiazolinyl-S-NAc, and 2.5
μM VirH-Ox. Reactions were initiated by the addition of VirH-Ox. The reactions were allowed to
proceed for between 20 and 25 minutes at ambient temperature, while the change in Abs 470 was
constantly monitored using an Agilent Cary 50 UV-Vis spectrophotometer. The amount of reduced
XTT formed was then calculated using its extinction coefficient of 23800 cm -1M-1 at 470 nm (47).
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General HPLC Methods

Enzyme activity assays that were monitored by HPLC were performed using an Agilent 1100
series HPLC with an autosampler and a ZORBAC Eclipse XDB C18 5 μm, 4.6 x 150 mm reverse
phase HPLC column (Agilent). When monitoring reactions using phenylthiazolinyl-S-NAc substrate,
the injected reaction was eluted using a gradient of 40%-55% acetonitrile over 8 minutes. The
absorption values at 280 nm of the oxidized product, phenylthiazolyl-S-NAc, which eluted at between
5 and 6 minutes, were found and used to find the integration values of the area under the product peaks.
The integration values were then used to calculate the concentrations of the oxidized products in the
reaction mixtures, using an experimentally determined conversion factor of area / 888.7 = nmol
product for phenylthiazolyl-S-NAc.
When monitoring reactions using phenyloxazolinyl-S-NAc substrate, the injected reaction was
eluted using a gradient of 20%-70% acetonitrile over 22 minutes. The absorption values at 267 nm of
the oxidized product, phenyloxazolyl-S-NAc, which eluted at between 11 and 12 minutes, were found
and used to find the integration values of the area under the product peaks, which were then used to
calculate the concentrations of the oxidized products in the reaction mixtures, using an experimentally
determined conversion factor of area / 663.9 = nmol product for phenyloxazolyl-S-NAc.

Comparison of the Catalytic Capabilities of VirH-Ox and FMN

Time course enzyme activity reaction sets were prepared in order to compare the relative
catalytic capabilities of VirH-Ox and its putative flavin cofactor. Reactions were prepared containing
either VirH-Ox or flavin mononucleotide (FMN) at a final concentration of 3 μM, phenylthiazolinyl-SNAc at a final concentration of 0.75 mM, and 5% THF (to improve the solubility of phenylthiazolinyl35

S-NAc) in 75 mM sodium phosphate buffer, pH 8, at room temperature. The reactions were initiated by
the addition of phenylthiazolinyl-S-NAc and were allowed to react at room temperature for up to 60
minutes. The reactions were quenched by heating at 100 °C for 2 minutes, then diluted with two
reaction volumes of 75 mM sodium phosphate buffer, pH 8. Finally, two thirds of the diluted reaction
volumes were injected into the HPLC by autosampler and analyzed to find the amount of oxidized
product formed. The difference in oxidation catalyzed by either VirH-Ox or FMN alone was observed.

HPLC-Monitored Time Course Enzyme Activity Assays

Time course enzyme activity assays of VirH-Ox, monitored by HPLC, were performed in order
to observe the activity of VirH-Ox towards multiple substrates, as well as the enzyme's activity at
multiple substrate concentrations.
In order to study the relationship between the reaction rate of oxidation catalyzed by VirH-Ox
and the concentration of substrate available, reactions were prepared containing VirH-Ox at a final
concentration of 3 μM, phenylthiazolinyl-S-NAc at a final concentration of either 3 mM, 1.5 mM, 0.75
mM, or 0.375 mM, and 5% THF in 75 mM sodium phosphate buffer, pH 7, at room temperature. The
reactions were initiated by the addition of phenylthiazolinyl-S-NAc and were allowed to react at room
temperature for up to 60 minutes, or up to 180 minutes, in the case of 0.75 mM and 0.375 mM substrate
reactions. The reactions were quenched by heating at 100 °C for 2 minutes, then diluted with two
reaction volumes of 75 mM sodium phosphate buffer, pH 7. Finally, two thirds of the diluted reaction
volumes were injected by autosampler into the HPLC and analyzed to find the concentration of
oxidized product formed. The difference in reaction rate due to the concentration of phenylthiazolinylS-NAc was observed.
A number of reactions were prepared containing phenyloxazolinyl-S-NAc substrate as well, in
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order to allow comparison of the activity of VirH-Ox towards thiazoline and oxazoline containing
substrates. Reactions were prepared containing VirH-Ox at a final concentration of 3 μM,
phenyloxazolinyl-S-NAc at a final concentration of 3 mM, and 5% THF in 75 mM sodium phosphate
buffer, pH 8, at room temperature. The reactions were initiated by the addition of phenyloxazolinyl-SNAc and were allowed to react at room temperature for 30 and 90 minutes. The reactions were
quenched by heating at 100 °C for 2 minutes, then diluted with three reaction volumes of 75 mM
sodium phosphate buffer, pH 8. Finally, nine tenths of the diluted reaction volumes were injected by
autosampler into the HPLC and analyzed to find the concentration of phenyloxazolyl-S-NAc formed.
In order to study the rate of background oxidation of phenyloxazolinyl-S-NAc, reactions were
prepared containing either VirH-Ox or an equivalent volume of lysis buffer. The reactions contained
Ni-NTA purified VirH-Ox in lysis buffer at a final concentration of 3 μM, phenyloxazolinyl-S-NAc at a
final concentration of 2.5 mM, and 5% THF in 75 mM sodium phosphate buffer, pH 7, at room
temperature. Control reactions replacing VirH-Ox with lysis buffer were also prepared, to study to rate
of background oxidation of phenyloxazolinyl-S-NAc. Reactions were initiated by the addition of VirHOx or lysis buffer and were allowed to react at room temperature for up to 180 minutes. The reactions
were cooled on ice and four fifths of each was injected manually into the HPLC and analyzed to find
the concentration of phenyloxazolyl-S-NAc formed.

Study of Reasons for Slow Catalysis by VirH-Ox

One possible reason for the decrease in the rate of oxidation of phenylthiazolinyl-S-NAc over
time, well before the reactions went to completion, is that accumulated phenylthiazolyl-S-NAc was
inhibiting VirH-Ox. In order to determine whether product inhibition was indeed occurring, reactions
were prepared containing VirH-Ox at a final concentration of 3 μM, phenylthiazolinyl-S-NAc at a final
37

concentration of 3 mM, phenylthiazolyl-S-NAc at a final concentration of 3 mM or an equivalent
volume of THF, and 10% THF (to improve the solubility of phenylthiazolinyl-S-NAc and
phenylthiazolyl-S-NAc) in 75 mM sodium phosphate buffer, pH 7, at room temperature. The reactions
were initiated by the addition of VirH-Ox and were allowed to react at room temperature for either 5 or
30 minutes. They were quenched by heating at 100 °C for 2 minutes, then diluted with two reaction
volumes of 75 mM sodium phosphate buffer, pH 7. Finally, two thirds of the diluted reaction volumes
were injected into the HPLC by autosampler and analyzed to find the concentration of oxidized product
formed. The difference in the increase in product concentration between 5 and 30 minutes in reactions
with and without added phenylthiazolyl-S-NAc product was observed.
An additional possible reason for the slow activity of VirH-Ox was that the enzyme's flavin
cofactor, which is reduced during the oxidation of its substrate, was not being regenerated to its
oxidized form. In order to attempt to determine whether this was limiting the enzyme's activity,
reactions were prepared containing nicotinamide adenine dinucleotide (NAD), which is a common
biological electron acceptor. In theory, NAD could accept electrons from the reduced flavin cofactor,
returning it to its oxidized form, and increasing the turnover rate of VirH-Ox.
Reactions were prepared containing either VirH-Ox at a final concentration of 3 μM or an
equivalent volume of lysis buffer, NAD at a final concentration of 5 mM, 100 μM, or an equivalent
volume of water, phenylthiazolinyl-S-NAc at a final concentration of 3 mM, and 5% THF in 75 mM
sodium phosphate buffer, pH 7, at room temperature. The reactions were initiated by the addition of
VirH-Ox or lysis buffer and were allowed to react at room temperature for 5 minutes. They were
quenched by heating at 100 °C for 2 minutes, then diluted with two reaction volumes of 75 mM sodium
phosphate buffer, pH 7. Finally, two thirds of the diluted reaction volumes were injected into the HPLC
by autosampler and analyzed to find the concentration of oxidized product formed. The difference in
product formation in reactions with varying concentrations of NAD was found.
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In order to determine whether reduction improved the activity of VirH-Ox, which could have
suggested that purified VirH-Ox had undesired, non-native disulfide bonds present, enzyme activity
assays were prepared containing the reducing agent dithiothreitol (DTT). Reactions were prepared
containing either VirH-Ox at a final concentration of 3 μM or an equivalent volume of lysis buffer,
either DTT at a final concentration of 1 mM or an equivalent volume of water, phenylthiazolinyl-SNAc at a final concentration of 3 mM, and 5% THF in 75 mM sodium phosphate buffer, pH 7, at room
temperature. The reactions were initiated by the addition of phenylthiazolinyl-S-NAc and were allowed
to react at room temperature for 30 minutes. They were quenched by heating at 100 °C for 2 minutes,
then diluted with two reaction volumes of 75 mM sodium phosphate buffer, pH 7. Finally, two thirds of
the diluted reaction volumes were injected into the HPLC by autosampler and analyzed to find the
concentration of oxidized product formed. The difference in product formation in reactions with and
without DTT was determined.

Examination of the Effect of pH on VirH-Ox

Enzyme activity assays were prepared using sodium phosphate buffers of differing pHs in order
to determine the optimal pH for VirH-Ox. Initial trials used sodium phosphate buffers at pH 6, pH 7,
and pH 8, while subsequent trials focused on the behavior of VirH-Ox at pH 8 only. All reactions were
prepared containing VirH-Ox at a final concentration of 3 μM, phenylthiazolinyl-S-NAc at a final
concentration of either 3 mM or 0.75 mM, and 5% THF in 75 mM sodium phosphate buffer, pH 6 or 8,
at room temperature. The reactions were initiated by the addition of phenylthiazolinyl-S-NAc and were
allowed to react at room temperature for up to 60 minutes. The reactions were quenched by heating at
100 °C for 2 minutes, then diluted with two reaction volumes of 75 mM sodium phosphate buffer, pH 6
or 8. Finally, two thirds of the diluted reaction volumes were injected by autosampler into the HPLC
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and analyzed to find the concentration of oxidized product formed.

Activity of VirH-Ox Towards Deuterated Phenylthiazolinyl-S-NAc

In order to learn more about the reaction mechanism for the oxidation reactions catalyzed by
VirH-Ox, assays were performed using deuterated phenylthiazolinyl-S-NAc substrate (Figure 10).
Reactions were prepared containing VirH-Ox at a final concentration of 3 μM, deuterated
phenylthiazolinyl-S-NAc at a final concentration of 0.75 mM, and 5% THF in 75 mM sodium
phosphate buffer, pH 8, at room temperature. The reactions were initiated by the addition of deuterated
phenylthiazolinyl-S-NAc and were allowed to react at room temperature for up to 60 minutes. The
reactions were quenched by heating at 100 °C for 2 minutes, then diluted with two reaction volumes of
75 mM sodium phosphate buffer, pH 8. Finally, two thirds of the diluted reaction volumes were
injected by autosampler into the HPLC and analyzed to find the concentration of deuterated
phenylthiazolyl-S-NAc formed.

Modeling of the Structure of VirH-Ox

A putative structure of VirH-Ox was generated, based on its amino acid sequence, using the
Phyre2 protein fold recognition server, version 2.0 (42). The protein was modeled using the server's
intensive modeling mode. Additionally, the likely locations of the enzyme's flavin-binding residues
were determined using the 3DLigandSite ligand binding site prediction server, running with default
settings (43). This information, along with examination of the conserved residues of VirH-Ox
determined through sequence homology studies, allowed the identification of a number of residues that
were possible candidates for the putative active site base of the enzyme.
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Results and Discussion (Pages 41 - 68)

VirH-Ox Sequence Homology Analysis

VirH-Ox was compared to four predicted NRPS oxidase enzymes and one known NRPS
oxidase enzyme through sequence homology analysis using BLASTP (Table 1). VirH-Ox was found to
be homologous to PksIV, a putative oxidase from the bacterium Streptomyces pristinaespiralis, which
is involved in the production of pristinamycin IIA, an oxazole-containing streptogramin type A
antibiotic nearly identical to virginiamycin M 1 (48). VirH-Ox was also found to be homologous to
ChiD (49), CtaD (50), and MelD (51), which are all suspected oxidases from the bacteria Sorangium
cellulosum, Cystobacter fuscus, and Melittangium lichenicola, respectively. These proteins are involved
in the production of chivosazol, cystothiazole A, and melithiazol, respectively. Chivosazol contains an
oxazole moiety, while cystothiazole A and melithiazol contain thiazole groups. Finally, the sequence of
VirH-Ox was found to be homologous to the known thiazoline oxidase EpoB-Ox, also from the
bacterium Sorangium cellulosum, which is responsible for the oxidation of a thiazoline ring to thiazole
in the biosynthetic pathway of epothilone (40).
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Table 1. Five oxidase domains found to be homologous to VirH-Ox using the protein basic local
alignment search tool (BLASTP) provided by the National Center for Biotechnology Information
(NCBI). PksIV, ChiD, CtaD, and MelD encode predicted oxidase domains, while EpoB-Ox encodes a
known oxidase domain.
Protein

Source

Natural Product

Accession Number Identity

E Value

PksIV

Streptomyces
pristinaespiralis

Pristinamycin IIA

CBW45740.1

186/280

1e-106

ChiD

Sorangium
cellulosum

Chivosazol

AAY89051.1

90/253

9e-30

CtaD

Cystobacter
fuscus

Cystothiazole A

AAW03327.1

94/234

1e-040

MelD

Melittangium
lichenicola

Melithizaol

CAD89775.1

87/202

7e-40

EpoB-Ox

Sorangium
cellulosum

Epothilone

AF217189.1

68/177

8e-25
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VirH-Ox
PksIV
ChiD
CtaD
MelD
EpoB-Ox

*1
*10
*20
*30
*40
*50
SAARTDIRIALDPQAKAAFKEARVAERRLPGSLARLPFP-DPTPQD--RRAFY
-----+V++++++K++++FKD++++++++++TMR+++V+-+AG+AE--AV+LF
-------------EQRE+++QQKPHL++QGEHRGVIAL+G+SV+E-----+D+
--------VIT++VSRLE++LKEPGL+PDA+QHT+IALQ-R+ENDETL++KYT
--------------------------------------+-EADESL--++KYT
-----------------------------------------------------

VirH-Ox
PksIV
ChiD
CtaD
MelD
EpoB-Ox

*51
*60
*70
*80
*90
*100
DASSFR-EFADGPLPGDRLTELLGTLARGELDG--RA--KHRYPSAGGFYPVQVY
++++++-++D+++++AHD+LS++S+VTW+++E+--++--+R++++G+++++++++
RLR+C+TD+Q+Q+I+LADFSG+++L+RQATI++--KP--+YL+++++AT+A++T+
+RR+H+-V+LSE++SVA++S+++SC+MQLS+ED--SIMP+Y++++++EL++++T+
+RR+H+-T+LSE++TVS++GDM++C+MQLS++DFLQP--+Y++++V++L++++A+
---+V+-T+LEA+I+FVEFGRF+SC+SSV+P++--A+LP+F++++++ST++++T+

VirH-Ox
PksIV
ChiD
CtaD
MelD
EpoB-Ox

*101
*110
*120
*130
*140
*150
LYVRPGAVEGVDGGLYYLHPGERALVAIDPQARFGTDVHVFHNRALVDAS
V+IA+++++ATEP+++++++A++++++VA+G++Y+++L+VL++++++EG+
+H+KE+++++LGP+I++H++ERHE+WL++GNPSIERTA+FYY++PHF+R+
+HLK++++S+MA++T++T++KRHE++LLT+DVALNRGL+AAV++SIF+GA
+HLK++++++LV++T++Y++KRHE++LLT+DVTLDRGLY+AG++SIF++C
A+AKS+RI++++E+F++Y++F+HR+LKVSDHG-IERGA++PQ+FDVF+EA

VirH-Ox
PksIV
ChiD
CtaD
MelD
EpoB-Ox

*151
*160
*170
*180
*190
*200
AFGVFLVSTPAAIAPAYGERNAGRFSMIEAGHVAQLLLTAGPERGLGMCA
++++++++++++++++++++++A+++T+++++I++++++GA++++++L++
G+SL+FIAQLD++E+V++A-S+DP+VL++T+CLIE++TLRQS+F+V+LLP
++SL+++AQLN++T+L+++-Y+RD+C+L+++YM++++M+SA+ASS++L+P
G+SL+++AQMS++T+L+++-Y+RD+C+L+++YM++++MSSA++SQ++L+P
+++LLF+GRID++ESL++SLSR-E+CLL+++YM++++MEQA+SCNI+V+P

VirH-Ox
PksIV
ChiD
CtaD
MelD
EpoB-Ox

*201
*210
*220
*230
*240
*250
VGEMDFGAVRGHFGLQDDQELLVSLWGGALSGPAVLRRAELVAAERPQES
++++++D++++D+S+DA+++++L+++++++TPHSRAA++A+TPG+G+--++AV++DRI+P++++GPRHVF+LNVL++-----R+E+EGA+PR+RQ+GRG
++MLN+EPL+KS+L+DEN+V++H+FL++GVNPN+S+AK-----------++GLN+EPL+QA+L+DEQHV++H+FL++GVDPS+S+AK-----------++QF++EQ++PVLD+RHSDVYVHGML++----------------------

VirH-Ox
PksIV
ChiD
CtaD
MelD
EpoB-Ox

*251
*260 *266
APVPS-------------------GPRPVAVVGFA
++A+TVNPAPVTAPVTVPPGGRDG+Q+A+++++++
T+ARE-------------------+VEALT+R+--------------------------------------------------------------------------------------------------------

Figure 14. Multiple sequence alignment of VirH-Ox with its homologs PksIV, ChiD, CtaD, MelD, and
EpoB-Ox, aligned using the standard protein-protein basic local alignment search tool (BLASTP). Red
text indicates similar amino acids in the homologs to VirH-Ox, while + indicates completely conserved
amino acids. The numbers above the sequences indicate the residue number in VirH-Ox (without the
pET24b-added initial methionine and C-terminal His6 tag).
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The sequence homology analysis of VirH-Ox indicated that VirH-Ox generally has high
sequence homology to the other five studied oxidases, with a number of residues having complete
conservation across all six proteins (Figure 14). This supports the assertion that virH-Ox was likely to
encode an NRPS oxidase, especially since epoB-Ox is known to encode an oxidase. Additionally, due
to the high sequence homology between oxazoline and thiazoline oxidases, VirH-Ox likely is active
towards thiazoline-containing substrates. Specifically, EpoB-Ox has been shown to be active towards
both thiazoline and oxazoline substrates (40), so it is not unreasonable to assume that VirH-Ox is as
well.

Expression and Purification of VirH-Ox

The 798 bp proposed oxidase domain of virH, virH-Ox (bases 2031 - 2828 of virH), was
successfully cloned into a pET24b plasmid vector, giving the construct pvirHOx. VirH-Ox was
expressed successfully as a 278 residue, 29.8 kDa protein in cultures of Escherichia coli, which grew to
yield bacterial pellet weights of approximately 2.8 g/L. VirH-Ox contained a C-terminal His 6 tag, added
by pET24b, which allowed it to be separated with an apparent molecular weight of approximately 25
kDa from cell lysates via Ni-NTA affinity chromatography (Figure 15). The discrepancy between the
apparent molecular weight of VirH-Ox based on SDS-PAGE analysis and the actual molecular weight
of 29.8 kDa may be due to incomplete denaturation of the protein before gel electrophoresis. If the
protein were still folded to some degree, it would have a smaller size and so would be expected to
migrate more quickly. Additionally, it is possible that disulfide bonds were present in the protein, which
may have also caused it to have a smaller size than expected, and so migrate more quickly. Finally, and
most likely, the molecular weight markers may not migrate precisely as well.
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Figure 15. SDS-PAGE gel showing Ni-NTA affinity chromatography purified fractions of
NiCo21(DE3) lysate. Lane 1 contains 10-250 kDa protein ladder (NEB). Lane 2 contains unbound
lysate. Lane 3 contains a fraction eluted by 5 mM imidazole wash. Lanes 4 and 5 contain fractions
eluted by 30 mM imidazole, while lanes 6 through 10 contain fractions eluted by 250 mM imidazole.
Note the presence of the VirH-Ox band at approximately 25 kDa (indicated with a green arrow), as well
co-eluting impurities at approximately 30 kDa, 60 kDa, and 80-90 kDa (indicated with red arrows).
Initially, VirH-Ox was purified using only Ni-NTA affinity chromatography, followed by
dialysis. However, this resulted in the presence of a number of prominent impurities (Figure 15). Based
on their apparent molecular weights and the concentrations of imidazole at which they eluted, the
impurities were assumed to be the native E. coli proteins SlyD, ArnA, and GlmS, all of which are
known to be common contaminants in immobilized metal affinity chromatography purification (52).
An E. coli cell line, NiCo21(DE3), has been developed by New England Biolabs specifically to
reduce the presence of these contaminants when performing immobilized metal affinity
chromatography (53). In NiCo21(DE3) the common Ni-NTA-contaminating native E. coli proteins
SlyD, ArnA (also known as YfbG, 53), and Can (also known as YadF, 53) have been tagged with chitinbinding domains (CBDs) (53), which allows their removal through chitin affinity chromatography,
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while the common contaminant GlmS (52) had been mutated to prevent its binding to Ni-NTA resin
(53). NiCo21(DE3) was therefore used to express the majority of VirH-Ox used in enzyme activity
assays.
In purification of VirH-Ox from NiCo21(DE3) lysates, the additional chitin affinity
chromatography purification step (Figure 16) appears to have allowed complete removal of an impurity
with an apparent molecular weight of approximately 30 kDa, likely either SlyD-CBD (which is known
to have an apparent molecular weight of 35 kDa, 53) or Can-CBD (which has an apparent molecular
weight of 30 kDa, 53). Additionally, the presence of a prominent impurity with an apparent molecular
weight of 80-90 kDa, likely ArnA-CBD (which has an apparent molecular weight of 80 kDa, 53),
appears to have been significantly decreased. However, this purification method also appears to have
diluted VirH-Ox somewhat, as indicated by the progressive reduction in darkness of the band present at
an apparent molecular weight of 25 kDa. Overall, Ni-NTA affinity chromatography, followed by chitin
affinity chromatography and concentration, allowed VirH-Ox to be purified with good purity but low
yield (0.08 mg/L) from NiCo21(DE3) cell culture.
The presence of a flavin cofactor for VirH-Ox, which was predicted by analysis of the protein's
homology to other oxidases, was also suggested by the purified enzyme's strong yellow color, as well
as UV-Vis spectrophotometric analysis of both the native enzyme and its denatured cofactor. The UVVis spectrum of native VirH-Ox (Figure 17) shows distinct peaks near 280 nm, 350 nm, and 450 nm, as
is common with flavoproteins (45).
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Figure 16. SDS-PAGE gel showing VirH-Ox isolated after chitin affinity chromatography purification
of Ni-NTA affinity chromatography fractions. Lane 1 contains 10-250 kDa protein ladder (New
England Biolabs). Lane 2 contains pooled Ni-NTA affinity chromatography fractions, before chitin
purification. Remaining lanes contain successive fractions of chitin affinity chromatography purified
VirH-Ox. Note the purity of the VirH-Ox band at approximately 25 kDa in lanes 3 through 10,
especially lanes 6 through 10.
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Figure 17. UV-vis absorbance spectrum of native VirH-Ox. The spectrum displays absorbance peaks at
280 nm, 350 nm, and 450 nm, as expected for a flavoprotein.
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XTT Coupled Colorimetric Assays

The tetrazolium salt XTT has previously been shown to be useful for UV-Vis
spectrophotometric detection of superoxide radical (46, 47). XTT changes color when reduced by
superoxide, generating a species with an absorbance maximum at 470 nm (46). Superoxide is believed
to be a byproduct of the oxidation catalyzed by VirH-Ox in vitro, due to the likely regeneration in vitro
of reduced flavin cofactor through two electron reduction of molecular oxygen. Previous studies of
other flavoprotein oxidases have indicated that the production of superoxide and consumption of
oxygen does occur during in vitro reactions (40). Because of this, XTT was used to
spectrophotometrically monitor the oxidation of phenylthiazolinyl-S-NAc by VirH-Ox.
Coupled reactions containing XTT, VirH-Ox, and concentrations of phenylthiazolinyl-S-NAc
ranging from 93.75 μM to 750 μM were prepared and monitored spectrophotometrically through the
change in Abs470, which was used to calculate the quantity of XTT reduced. It was assumed that the
quantity of XTT reduced was, if not equal to, at least proportional to the quantity of superoxide
generated, and therefore phenylthiazolinyl-S-NAc oxidized, over time. The data collected show that the
rate of XTT reduction, and therefore of phenylthiazolinyl-S-NAc oxidation, is significantly greater in
the presence of VirH-Ox than in a control reaction lacking the enzyme (Figure 18). These data show
that the purified VirH-Ox is a catalytically active oxidase, and that VirH-Ox is active towards the
phenylthiazolinyl-S-NAc model substrate. Additionally, the data validate the assumption that the
oxidation of phenylthiazolinyl-S-NAc model substrate by VirH-Ox generates superoxide as a
byproduct, due to the increased reduction of XTT in the reactions containing VirH-Ox compared to the
enzyme-free control.
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Figure 18. The amount of reduced XTT formed over time in XTT coupled reactions including 2.5 μM
chitin-purified VirH-Ox and phenylthiazolinyl-S-NAc substrate at a range of concentrations. The rate
of reaction clearly increases as the concentration of substrate increases. Additionally, the reaction rate is
greater in all reactions containing VirH-Ox than in the enzyme-free control reaction, showing that
VirH-Ox catalyzes the oxidation of phenylthiazolinyl-S-NAc at a rate above background.
Importantly, the rate of XTT reduction rises in model reactions as the concentration of substrate
in the reaction is increased (Figure 18). This behavior is suggestive of an enzyme displaying MichaelisMenten kinetics. The results of the XTT assays were enlightening and encouraged more detailed study
of VirH-Ox through HPLC-monitored enzyme activity assays.
The XTT coupled reactions were useful, due to the continuous and real-time data they provided
on the oxidation reactions catalyzed by VirH-Ox, as opposed to the single time points that could be
collected in HPLC-monitored activity assays. However, the XTT reactions were not performed further,
due to inconsistent results in some trials (not shown), as well as the possibility that XTT reduction by
superoxide generated is not stoichiometrically equivalent to the oxidation of phenylthiazolinyl-S-NAc.
It is also possible that the rate of oxidation by VirH-Ox, and therefore the rate of superoxide

49

production, was not the rate-limiting step in this coupled assay. The reduction of XTT by superoxide
may have been the rate limiting step in the formation of detectable reduced XTT, which would cause a
difference between the actual and apparent rates of oxidation catalyzed by VirH-Ox.
For these reasons, the XTT coupled reactions were more useful as an initial method of studying
the activity of VirH-Ox, rather than a method to gather more compelling, precise data on the kinetic
parameters of the enzyme.

Comparison of the Catalytic Capabilities of VirH-Ox and FMN

While the XTT coupled colorimetric assays showed that VirH-Ox was able to catalyze the
oxidation of phenylthiazolinyl-S-NAc to phenylthiazolyl-S-NAc at a rate above background, it was
unknown whether the activity of VirH-Ox was due to more than just the presence of its flavin cofactor.
Time course enzyme activity reactions, monitored by HPLC, were prepared containing
phenylthiazolinyl-S-NAc and either VirH-Ox or flavin mononucleotide (FMN), its putative flavin
cofactor, at an equivalent concentration. These reactions were intended to determine whether VirH-Ox
was more catalytically active than its co-purified cofactor alone, and so, whether the protein itself had
catalytic properties.
These reaction sets (Figure 19) clearly show that VirH-Ox possesses greater catalytic activity
than its FMN cofactor alone. The amount of phenylthiazolyl-S-NAc formed in the reactions containing
FMN stays relatively constant over the course of 60 minutes, while the phenylthiazolyl-S-NAc formed
in the VirH-Ox catalyzed reactions increases at a nearly linear rate over this time period. These data
clearly show that not only is VirH-Ox a functional catalyst, but its activity is due to its properties as an
enzyme, and not simply the co-purified flavin cofactor.
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Figure 19. The amount of phenylthiazolyl-S-NAc formed over time in reactions containing
phenylthiazolinyl-S-NAc at a concentration of 0.75 mM and either 3 μM VirH-Ox or 3μM FMN,
performed at pH 8, as monitored by HPLC. The amount of product formed in FMN catalyzed reactions
appears constant over time, while product is formed at a nearly linear rate in the VirH-Ox catalyzed
reactions.
HPLC-Monitored Time Course Enzyme Activity Assays

Time course enzyme activity assays of VirH-Ox, monitored by HPLC, were performed.
Reactions were prepared containing a range of phenylthiazolinyl-S-NAc concentrations between 3 mM
and 0.375 mM, and the reaction rate as a function of substrate concentration was observed (Figure 20).
These data again show that the rate of product formation appears to increase with increasing substrate
concentration. This is what would be expected for an enzyme displaying Michaelis-Menten kinetics.
Interestingly, the reaction time courses containing lower substrate concentrations appear to have a
linear reaction rate for longer periods of time, while the reactions with 3 mM phenylthiazolinyl-S-NAc
show a sharp decrease in rate over time. While this is the behavior that would be expected if all the
available substrate were being consumed, the 3 mM reactions contained 75 nmol of substrate, much
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more than the apparent maximum amount of product formed. In fact, the 3 mM reaction proceeded to
only 13% completion by 60 minutes. The reason for this behavior was not known, but was examined in
later assays.
The time courses containing phenylthiazolinyl-S-NAc at concentrations of 0.75 mM and 0.375
mM (Figure 20) were continued out beyond 60 minutes, which allowed observation of the activity of
VirH-Ox towards phenylthiazolinyl-S-NAc over longer time periods. Like all other time courses, these
data also show an eventual reduction of the reaction rate. Interestingly, like the 3 mM substrate
reactions, the rates of the 0.75 mM and 0.375 mM phenylthiazolinyl-S-NAc reactions begin to slow
well before complete conversion of phenylthiazolinyl-S-NAc into phenylthiazolyl-S-NAc, though this
slowing does not occur as soon as it does in the case of 3 mM phenylthiazolinyl-S-NAc reactions. The
0.75 mM phenylthiazolinyl-S-NAc reactions contain 18.75 nmol of substrate, while the 0.375
phenylthiazolinyl-S-NAc reactions contain 9.375 nmol, giving 46% and 66% conversion, respectively.
The reason for this repeatable drop in rate well before complete conversion of
phenylthiazolinyl-S-NAc to phenylthiazolyl-S-NAc is not known, and it may be due to a number of
reasons. Possible explanations include product inhibition of VirH-Ox by phenylthiazolyl-S-NAc,
damage to VirH-Ox in reaction mixtures by superoxide generated as a byproduct in the reactions, or
even simply poor thermostability of the enzyme and eventual denaturation. A number of possible
reasons for the drop in the reaction rate over time were examined in later assays.
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Figure 20. The amount of phenylthiazolyl-S-NAc formed over time in enzyme activity assays
containing 3 μM VirH-Ox and phenylthiazolinyl-S-NAc at concentrations ranging from 3 mM to 0.375
mM, as monitored by HPLC. The reaction rate rises as the substrate concentration is increased.
However, at high substrate concentrations, the reaction rates rapidly decrease with time, well before
complete conversion of phenylthiazolinyl-S-NAc to phenylthiazolyl-S-NAc. Note that the presence of
significant amounts of product in reactions performed at zero time points is due to background
oxidation that occurred during quenching of the reactions.

Overall, these reactions clearly show that VirH-Ox is an active enzyme, which is able to
catalyze the oxidation of phenylthiazolinyl-S-NAc to phenylthiazolyl-S-NAc. While VirH-Ox does
behave unusually under higher substrate concentrations and seems unable to catalyze the complete
conversion of phenylthiazolinyl-S-NAc to phenylthiazolyl-S-NAc in the reaction mixtures prepared, it
still displays the property of allowing increased reaction rate with increased substrate concentration, as
would be expected from an enzyme. Additionally, VirH-Ox has been shown to be more catalytically
active than its cofactor alone, further supporting successfully purification of a functional enzyme.
Finally, even when the rate of reactions catalyzed by VirH-Ox slows with time, the rate still remains
slightly above the rate of background oxidation of phenylthiazolinyl-S-NAc to phenylthiazolyl-S-NAc
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if the enzyme-free, FMN-catalyzed reactions (Figure 19) are taken as a proxy for an enzyme-free
control time course.
In addition to time course enzyme activity assays performed using phenylthiazolinyl-S-NAc
substrate, reactions were performed using phenyloxazolinyl-S-NAc substrate. These reactions allowed
a comparison of the activity of VirH-Ox towards a thiazoline-containing substrate and an oxazolinecontaining substrate. A time course reaction set was prepared containing phenyloxazolinyl-S-NAc at a
concentration of 3 mM (Figure 21). VirH-Ox was able to catalyze the oxidation of phenyloxazolinyl-SNAc to phenyloxazolyl-S-NAc at fairly constant rate. However, the rate of reaction and the quantity of
product formed were both very low in comparison to those collected from the phenylthiazolinyl-S-NAc
reactions. After 90 minutes, only 1.3 nmol of product was formed, a 1.7 % conversion.
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Figure 21. The amount of phenyloxazolyl-S-NAc formed over time in an enzyme activity assay
containing 3 μM VirH-Ox and 3 mM phenyloxazolinyl-S-NAc, as monitored by HPLC. The reaction
rate appears to be decrease slowly over time, but is far lower than the rate of oxidation of thiazoline
substrate by VirH-Ox.
While the rate oxidation of phenyloxazolinyl-S-NAc to phenyloxazolyl-S-NAc was quite low,
VirH-Ox does catalyze this reaction above the background rate. A reaction set was prepared containing
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enzyme-free control reactions to study the rate of background oxidation of phenyloxazolinyl-S-NAc.
Out to 180 minutes, less than 0.1 nmol of phenyloxazolyl-S-NAc was formed due to background
oxidation (data not shown). These data suggest that, while VirH-Ox catalyzes the oxidation of an
oxazoline-containing substrate very slowly, it is catalytically active towards both thiazoline-containing
substrates and oxazoline-containing substrates. It is not unexpected that VirH-Ox does not show high
substrate specificity, because it is located within an NRPS module. In NRPS biosynthetic pathways, the
amino acids that are incorporated into a natural product are selected from the cellular amino acid pool
by adenylation domains, which show specificity for specific amino acids (54). Because these
adenylation domains show specificity for the correct substrate for the entire NRPS module, the
domains within the module would be expected to require less selective behavior.
It is interesting that VirH-Ox is more active towards a substrate that is less like its natural,
oxazoline-containing substrate. This may be explained in part by possible differences in the reactivity
of phenylthiazolinyl-S-NAc and phenyloxazolinyl-S-NAc. While the relative reactivity of oxazolines
and thiazolines does not have literature precedent, the fact that phenyloxazolinyl-S-NAc has essentially
no background oxidation, while phenylthiazolinyl-S-NAc shows background oxidation that is slow,
though present, suggests that thiazolines may have a more acidic proton at the 4-position than
oxazolines. Additionally, the thiazoline oxidases EpoB-Ox and BlmIII have also shown significantly
greater activity towards phenylthiazolinyl-S-NAc than towards phenyloxazolinyl-S-NAc (40), further
supporting the possibility that phenyloxazolinyl-S-NAc is less reactive than phenylthiazolinyl-S-NAc.

Study of Reasons for the Slow Catalysis by VirH-Ox

VirH-Ox was observed to catalyze oxidation reactions at relatively low rates. It is possible that
the enzyme has evolved this way, due to a lack of evolutionary pressure to have a high turnover rate.
55

Additionally, the reaction conditions do not allow the enzyme to function as in vivo, which likely
reduces its catalytic capabilities. Nevertheless, attempts were made to ascertain the reason for the slow
reaction rates.
One possible reason for the slow activity of VirH-Ox was that the enzyme's flavin cofactor,
which is reduced during the oxidation of its substrate, was not being regenerated to its oxidized form.
In order to attempt to determine whether this was limiting the enzyme's activity, reactions were
prepared containing NAD. NAD is a common biological electron acceptor, and so could be expected to
regenerate the reduced flavin cofactor to its oxidized form. If NAD was able to accept electrons from
the enzyme's flavin cofactor more readily than molecular oxygen in solution and speed the regeneration
of oxidized flavin cofactor, the reactions containing added NAD would be expected to have an
increased quantity of phenylthiazolyl-S-NAc formed. However, the presence of NAD was not observed
to have a significant effect (Figure 22). The reactions containing no NAD and 5 mM NAD showed
little difference in the amount of oxidized product formed, while the reaction containing 100 μM NAD
contained even less phenylthiazolyl-S-NAc than the reaction containing no NAD.
These data show that the effect of NAD on the reaction rate is minimal, if it exists at all, and is
overshadowed by the variability in the preparation of enzyme activity reactions. While it is still likely
that the flavin cofactor of VirH-Ox is not being regenerated as rapidly in in vitro assays as it is in the
biological system, due to the absence of other cellular proteins in the enzyme activity assays, it appears
that the lack of the common biological electron acceptor NAD is not the reason for the slow turnover
rate of VirH-Ox. However, while lack of NAD in solution may not be causing the low rate and
reduction in rate over time, the enzyme may make use of an electron acceptor other than NAD in vivo,
and so may display reduced activity as a result of its absence.

56

Phenylthiazolyl-S-NAc Formed (nmol)

6
5
4
3
2
1
0
+VirH-Ox, +5mM NAD

+VirH-Ox, +100uM NAD

+VirH-Ox, -NAD

Reaction Conditions

Figure 22. The amount of phenylthiazolyl-S-NAc formed in 30 minute reactions containing
phenylthiazolinyl-S-NAc at a concentration of 3 mM, 3 μM VirH-Ox, and in two cases, NAD at a
concentration of 5 mM or 100 μM. The amount of product formed does not differ greatly between the
reaction without NAD and the reaction with 5 mM NAD.

Reactions were also prepared in which VirH-Ox was incubated with the reducing agent DTT
prior to reaction initiation. These reactions were performed in order to determine whether reduction
improved the activity of the enzyme. If DTT did increase the activity of VirH-Ox, this would have
indicated that there may be undesired, non-native disulfide bonds present in VirH-Ox, which could
reduce the enzyme's activity due to its incorrect structure. DTT is able to reduce disulfide bonds
between cysteines and would be expected to break disulfide bonds present in VirH-Ox.
These reactions, however, showed that DTT preincubation does not increase the activity of
VirH-Ox (Figure 23). The reactions with DTT showed significantly decreased reactivity compared to
the reactions lacking DTT. In fact, an enzyme-free control reaction lacking DTT showed a greater
amount of product formed than a reaction containing VirH-Ox and DTT. This result is not entirely
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unexpected. While DTT may potentially break non-native disulfide bonds present in VirH-Ox, if there
are any, because it is a reducing agent, it could be expected to inhibit an oxidation reaction occurring in
the same reaction mixture. Phenylthiazolyl-S-NAc is formed through the oxidation of
phenylthiazolinyl-S-NAc substrate. The fact that the background rate of oxidation in the reaction
lacking DTT is greater than the enzyme-catalyzed reaction containing DTT shows that DTT is able to
inhibit the oxidation of phenylthiazolinyl-S-NAc so strongly that it overpowers the catalytic effect of
VirH-Ox. Overall, while this assay does not discount the possibility of the presence of undesired, nonnative disulfide bonds in VirH-Ox, it does show that preincubation of VirH-Ox with a reducing agent
would not be an effective way to increase its activity, even if such bonds were present.
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Figure 23. The amount of phenylthiazolyl-S-NAc formed in 5 minute reactions containing
phenylthiazolinyl-S-NAc at a concentration of 3 mM, 3 μM VirH-Ox or an equivalent volume of lysis
buffer, and either 1 mM DTT or an equivalent volume of water. The reactions preincubated with DTT
contain far less product than either of the reactions without DTT.
Overall, VirH-Ox does catalyze the oxidation of the model substrates used at a low rate, and the
reason for this is unknown. While this could potentially be due to inadequate regeneration of the
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enzyme's flavin cofactor, or improper folding, the low rate is most likely simply due to the conditions
under which the enzyme was studied. Native VirH-Ox is not a discrete protein, it is only a domain
within module 8 in the NRPS/PKS biosynthetic cluster of S. virginiae. The excision of this domain
from the complete module may very well have impacted its stability and activity. Additionally, the
conditions within a bacterial cell are very different than those within the enzyme activity reactions
prepared, due to the presence of additional cofactors, proteins, and possibly a different pH and
temperature. Finally, the substrates being used, while similar to the natural substrate of VirH-Ox in the
broadest sense, because they contain five-membered aliphatic heterocycles, are substantially different
from the growing virginiamycin M molecule that VirH-Ox has evolved to oxidize. These factors - the
combination of non-native conditions and substrates in reactions catalyzed by an excised enzyme
domain - are the most likely causes for the slow rate of catalysis by VirH-Ox.

Reduction in the Rate of Oxidation by VirH-Ox Over Time

In addition to the slow overall rate of the reactions catalyzed by VirH-Ox, the rate of conversion
of phenylthiazolinyl-S-NAc to phenylthiazolyl-S-NAc by VirH-Ox was observed to drop further over
time. While the rate of an enzyme-catalyzed reaction is expected to drop over time as the concentration
of substrate decreases, this drop was observed in experimental assays well before complete conversion
of phenylthiazolinyl-S-NAc into phenylthiazolyl-S-NAc. This behavior was unexpected and is more
difficult to explain than the slow reaction rate overall.
One possible reason for the decrease in the rate of oxidation of phenylthiazolinyl-S-NAc over
time, well before the reactions went to completion, is that accumulated phenylthiazolyl-S-NAc was
inhibiting VirH-Ox. In the natural system, the substrate of VirH-Ox is linked to a peptidyl carrier
protein via a phosphopantetheine linker, and is transported to subsequent NRPS/PKS enzymes
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following oxidation by VirH-Ox. However, in in vitro reactions, the product generated by VirH-Ox is
not removed from the reaction mixture and accumulates. It is not unreasonable to assume that VirH-Ox,
if it has evolved in a system where it does not come into sustained contact with its product, may be
highly susceptible to product inhibition.
In order to determine whether product inhibition was indeed occurring, reactions were prepared
containing added phenylthiazolyl-S-NAc product, in addition to VirH-Ox and substrate. The reactions
were allowed to proceed for 5 minutes and 30 minutes, then the difference in the amount of
phenylthiazolyl-S-NAc present at each time point was found and used to find the amount of
phenylthiazolyl-S-NAc formed in the 25 minutes between the time points. The reactions containing
added phenylthiazolyl-S-NAc had a difference in product of 3.83 nmol, while reaction lacking added
phenylthiazolyl-S-NAc showed a difference of only 0.99 nmol.
This result was surprising, and does not support the possibility that product inhibition was
occurring. If VirH-Ox were indeed subject to product inhibition, the reactions containing added
phenylthiazolyl-S-NAc would be expected to have a smaller difference in the amount of product
present than the reactions lacking added phenylthiazolyl-S-NAc. Therefore, the data suggest that VirHOx is not inhibited strongly by the products of the reactions that it catalyzes, or at least, that the product
inhibition that occurs is less significant than the differences in experimental reaction mixtures due to
preparation errors.
While it appears that product inhibition, insufficient regeneration of the flavin cofactor of VirHOx, or inappropriate disulfide bond formation may not be responsible for the slow and incomplete
catalysis of oxidations by VirH-Ox, there are other possible explanations for the observed data. VirHOx is known to generate superoxide as a byproduct of the oxidation reactions it catalyzes. The
superoxide generated may be damaging the structure of the enzyme, and gradually denaturing it.
Additionally, VirH-Ox may be particularly temperature sensitive, and so may be denatured by the
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ambient temperature at which activity assays were performed.

Examination of the Effect of pH on VirH-Ox

Because it was thought that the pH of the enzyme activity assays performed might not be the
optimum pH for VirH-Ox, due to the slow reaction rates of oxidations catalyzed by the enzyme,
identical enzyme reactions were performed at pH 6 and pH 8 (Figure 24). These reactions clearly
showed that VirH-Ox's pH optimum is above pH 7. VirH-Ox at pH 8 catalyzed the formation of almost
7 times the amount of phenylthiazolyl-S-NAc as at pH 6, and almost twice the amount as at pH 7.
These data support the possibility of an active site base in VirH-Ox. The more basic reactions likely
approach the pKa of this residue more closely, favoring its basic form and increasing the activity of
VirH-Ox. However, while the reaction rate above uncatalyzed background oxidation was shown to
increase at higher pHs, the rate of background oxidation of phenylthiazolinyl-S-NAc was also observed
to increase at greater pHs. This is likely due to an increase in the rate of deprotonation of
phenylthiazolinyl-S-NAc at the 4-position by basic compounds present in the reaction mixtures, such as
dibasic phosphate or tris base.
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Figure 24. The amount of phenylthiazolyl-S-NAc formed above background in 30 minute reactions
containing 3 μM VirH-Ox and 0.75 mM phenylthiazolinyl-S-NAc, at pH 6, pH 7, and pH 8, as
monitored by HPLC. The reaction rate appears to consistently increase with increasing pH. This
suggests that the pH optimum for VirH-Ox is at pH 8 or above.

An enzyme activity time course assay was performed with reactions times up to 1 hour at pH 8
(Figure 25). VirH-Ox again showed a substantial increase in activity over a time course at pH 7, with
more than double the amount of product formed at all time points. This shows that a higher pH can
stimulate sustained greater reaction rates from VirH-Ox. Again, these data support the possibility of
VirH-Ox having an active site basic residue.
However, this time course also shows that the drop in the rate of reactions catalyzed by VirHOx over time, particularly between 30 minutes and 1 hour, is not alleviated by increased reaction pH.
The pH 8 reaction set's rate begins to drop as early as 15 minutes into the reaction, and the rate slows to
nearly nonexistent between 30 minutes and 1 hour, far before complete conversion of
phenylthiazolinyl-S-NAc into phenylthiazolyl-S-NAc (the reaction has only gone to 23% completion
by 1 hour). This shows that while lower pH may have contributed to the slow rate of VirH-Ox
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catalyzed experimental reactions, it did not cause the decrease in enzyme activity over time. This effect
is likely due instead to oxidative damage to the enzyme from superoxide generated as a byproduct in
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Figure 25. The amount of phenylthiazolyl-S-NAc formed in time course reactions containing 3 μM
VirH-Ox and 3 mM phenylthiazolinyl-S-NAc, at pH 7 and pH 8, as monitored by HPLC. The reaction
rate at pH 8 again is greater than at pH 7. Interestingly, both reactions show a decrease in rate between
30 minutes and 1 hour, well before completion, as has been seen in previous reactions catalyzed by
VirH-Ox.

Activity of VirH-Ox Towards Deuterated Phenylthiazolinyl-S-NAc

Enzyme activity assays were performed containing deuterated phenylthiazolinyl-S-NAc (Figure
10). These reactions were intended to provide data on the mechanism of oxidation as catalyzed by
VirH-Ox, based on the presence or lack of a kinetic isotope effect. The kinetic isotope effect is a change
in the rate of a reaction due to the presence of an isotope in a species involved. This effect occurs due
to the change in mass of an atom involved in a chemical reaction. Isotopes of greater masses have
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reduced vibrational frequencies in their bonds, which causes them to have lower potential energies and
greater stability (55). Because of this, a reaction in which an atom involved in the transition state is
replaced with a heavier isotope would occur with a lower rate, with the reduction in rate proportional to
the relative masses of the heavier and lighter isotopes. A case in which in a kinetic isotope effect is
observed when an atom that has a bond broken in a reaction is replaced by a heavier isotope would be
an example of a primary isotope effect. If the atom replaced by a heavier isotope did not have bonds
broken in the reaction, then the change in reaction rate would be due to a secondary isotope effect.
Observation of the kinetic isotope effects of various isotopic substitutions in a reactant is a very useful
tool in the determination of the mechanism of a chemical reaction, especially an enzyme-catalyzed
reaction (56).
Phenylthiazolinyl-S-NAc deuterated at the 4-position was used to probe the mechanism of the
oxidation catalyzed by VirH-Ox. The proposed mechanism for the oxidation of a substrate by VirH-Ox
involves deprotonation of the oxazoline or thiazoline ring at the 4-position by an active site base within
the enzyme (Figure 9). Additionally, at the 5-position on the substrate's ring, a hydride transfer occurs,
with the enzyme's flavin cofactor acting as the hydride acceptor. The oxidation of deuterated
phenylthiazolinyl-S-NAc would be expected to occur more slowly than the protonated substrate if the
proposed mechanism was correct. Furthermore, if it could be determined that an observed kinetic
isotope effect was a primary kinetic isotope effect, this would suggest that the abstraction of a proton
from the 4-position of the substrate's ring is the rate-limiting step of the reaction. A secondary kinetic
isotope effect would indicate that while this deprotonation is a component of the reaction, it is not the
rate-limiting step.
VirH-Ox displayed a very noticeable kinetic isotope effect when catalyzing the oxidation of
deuterated phenylthiazolinyl-S-NAc (Figure 26). Deuterated phenylthiazolinyl-S-NAc showed much
slower oxidation, with a reduction in rate of approximately 50%. These data suggest that the
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deprotonation of phenylthiazolinyl-S-NAc at the 4-position is involved in the oxidation of the
molecule, because an increase in the stability of the hydrogen at this position caused a decrease in the
overall reaction rate. The finding that this deprotonation is a critical step in the oxidations catalyzed by
VirH-Ox supports the theory that VirH-Ox has a catalytic basic residue involved in its mechanism.
However, it is impossible to determine from the data collected whether a primary or secondary kinetic
isotope effect is occurring.
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Figure 26. The amount of phenylthiazolyl-S-NAc formed over time in enzyme activity assays
containing 3 μM VirH-Ox and phenylthiazolinyl-S-NAc, either deuterated or non-deuterated, at a
concentration of 0.75 mM, as monitored by HPLC. The reaction rate is significantly less for the
deuterated substrate. This kinetic isotope effect suggests that deprotonation at the 4-position of the
thiazoline ring of phenylthiazolinyl-S-NAc is the rate-limiting step in the oxidation reactions.

With additional studies of deuterated phenylthiazolinyl-S-NAc, the V max and Km of the reaction
could be found. These parameters, in combination with the V max and Km of the oxidation of
undeuterated phenylthiazolinyl-S-NAc, would allow the magnitude of the kinetic isotope effect to be
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characterized. Additionally, study of the oxidation of phenylthiazolinyl-S-NAc deuterated at other
locations, such as at the 5-position, could allow further probing of the reaction mechanism and
determination with certainty of whether a primary or secondary kinetic isotope effect occurred in the
data collected.

Modeling of the Structure of VirH-Ox

Using the Phyre2 protein fold recognition server, a putative structure of VirH-Ox was
determined based on its primary sequence (Figure 27). This model suggested that VirH-Ox was a
globular protein containing both alpha helices and beta sheets. Additionally, the likely residues in VirHOx responsible for binding the enzyme's flavin cofactor were determined using the 3DLigandSite
ligand binding site prediction server. According to the model, the residues most likely involved in
cofactor binding in VirH-Ox are Ser-54, Ser-55, Arg-57, Phe-142, Arg-145, Cys-200, Ala-201, Val-202,
Gly-203, Glu-204, Glu-241, Leu-242, Val-243, Ala-244, and Ala-245. Of these, Ser-55, Arg-57, Arg145, Cys-200, Val-202, Gly-203, and Leu-242 have the greatest conservation among the oxidases found
to be homologous to VirH-Ox by sequence analysis (Figures 14 and 15). This suggests that these seven
residues are most likely involved in the binding of the flavin cofactor of VirH-Ox.
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Figure 27. The putative structure of VirH-Ox, generated by the Phyre2 protein fold recognition server,
an online protein folding program (42). The four proposed active site base candidates of VirH-Ox are
show in green, while the enzyme's predicted flavin binding residues are shown in red.
Additionally, by analysis of the model, likely candidates for the putative active site base of VirH-Ox
were found. All acidic and basic residues within 10 angstroms of the putative flavin binding residues
were found. This pool of possible active site bases was then filtered by comparing the conservation of
each base in homologous oxidases. Four residues were present either identically or in a similar form in
PksIV, ChiD, CtaD, MelD, and EpoB-Ox: Tyr-103, His-140, Asp-149, and Arg-211. One of these
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residues is likely to be the active site base of VirH-Ox, because the homologous NRPS oxidases, which
likely have a reaction mechanism similar to VirH-Ox, contain either identical residues, or residues with
similar properties at these four positions. Future mutagenesis of VirH-Ox, in which each of these
residues is replaced with a neutrally charged amino acid, could allow determination of the active site
base with certainty.
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Conclusion

The gene clusters in Streptomyces virginiae responsible for the biosynthesis of the
streptogramin antibiotic virginiamycin have been characterized (29, 30). However, the gene encoding
the enzyme responsible for the formation of the oxazole moiety present in virginiamycin M1 had not
been studied before this work. In fact, no previous oxazole-forming oxidase had been studied in detail
before this project.
During this research, the gene for this oxidase domain, virH-Ox, was identified and cloned into
a plasmid vector. VirH-Ox was expressed and purified, then studied using both spectrophotometrically
monitored coupled activity assays, as well as HPLC-monitored activity assays. VirH-Ox was found to
display activity towards multiple model substrates: both an oxazoline-containing substrate, and even
more so towards a thiazole-containing substrate. The enzyme has, however, been shown to catalyze the
oxidation of both of these substrates rather slowly. Low reaction rates have been reported in other
NRPS/PKS oxidases when using these synthetic substrates (40), so these findings are not entirely
unexpected. Possible reasons for the low reaction rate were explored.
Additionally, VirH-Ox displayed a drop in activity over time in enzyme assays, well before
complete conversion of substrates into products was achieved. This behavior is more inexplicable than
the overall low reaction rates. It may be due to oxidative damage to the enzyme over time caused by
superoxide ions generated as byproducts in the reaction mixtures, or low thermostability of VirH-Ox.
Experimental evidence suggests that product inhibition is unlikely to be a major factor in the drop in
activity over time.
Examination of the activity of VirH-Ox at a range of pHs has suggested that the enzyme has an
optimum pH above pH 7. This suggests the presence of a catalytic basic residue in the enzyme, and
may indicate that the native pH of VirH-Ox is greater than standard physiological pH. Additional
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evidence to support the presence of a catalytic basic residue in the enzyme was provided by kinetic
isotope effect experiments. VirH-Ox showed a significant drop in reaction rate when supplied with
deuterated phenylthiazolinyl-S-NAc substrate. This suggests that the abstraction of a proton from the
substrate's thiazoline ring, likely by a catalytic basic residue, is the rate-limiting step of this reaction.
The sequence of VirH-Ox has also been compared to other oxidases and found to have many
conserved residues. Homologous proteins include both other oxazoline oxidases, as well as thiazoline
oxidases. In addition to sequence homology analysis, a predicted structure of VirH-Ox has also been
generated by computer modeling. The known conserved residues in VirH-Ox, in combination with the
predicted location of the enzyme's flavin cofactor binding residues, has allowed likely candidates for
the enzyme's putative active site base to be identified.
Overall, this project has provided useful information on the activity, substrate specificity, and
structure of a novel NRPS oxazoline oxidase. Oxazoles and thiazoles are important bioactive structural
features in many pharmaceuticals, so the ability to insert them into novel drugs or natural product
derivatives may prove useful in the development of future generations of antibiotics and other drug
classes. Regardless of whether VirH-Ox itself is ever used in combinatorial biosynthetic applications,
this body of work is representative of the research that must be done in order to facilitate rapid,
economical, and effective development of new pharmaceuticals through combinatorial biosynthesis. In
the future, combinatorial biosynthesis may allow modern medicine to avert the looming crisis of a
world in which current antibiotics are no longer effective against common pathogenic bacteria.
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